see Refs. 10, 29) . The functional recovery is thought to be mainly mediated by the trophic factor secretion of SPCs or by remyelination of spared axons through newly formed oligodendrocytes (60) , but the generation of new neurons has also been described (30, 64) . However, transplantation-based approaches have several disadvantages, such as the risk of immune rejection and the need for external sources of cells. Embryonic stem cells or postnatal SPCs can be used for transplantation. Embryonic stem cells likely have a greater plastic potential than adult SPCs; however, ethical concerns and their potential for unwanted and possibly dangerous continued growth and tumor formation limit their use. Recently, the generation of autologous pluripotent stem cells from skin fibroblasts was reported (109) , thus avoiding the ethical and immunorejection problems. Since these cells were manipulated using viral vectors, a therapeutic application of these converted skin cells must be initialized by thorough safety studies. Other significant challenges for stem cell transplantation include optimizing the cell characteristics before grafting, reducing risks such as tumor formation, and developing adequate commercial-scale production technologies. Given these shortcomings of exogenous stem cell application, the existence of neural progenitor cells in the adult spinal cord (3, 95, 104) , and approaches to regulate their numbers and fate may provide an alternative to transplantation. This article focuses on the potential utility of endogenous neural SPCs as substrates for structural repair after SCI. We review the biology and possible function of SPCs in the normal and injured adult spinal cord as well as strategies to manipulate these cells to replace lost neurons and glia.
Neural Progenitor Cells in the Intact Adult Spinal Cord
SPCs are dispersed widely throughout the adult CNS (for review, see Ref. 45 ). The presence of progenitor 296 1548-9213/08 8.00 ©2008 Int. Union Physiol. Sci./Am. Physiol. Soc.
The characterization of adult neural stem/progenitor cells (SPCs) in mammals has been the focus of intense research with the goal of developing new cell-based regenerative treatments for central nervous system (CNS) pathologies such as spinal cord injury (SCI). Injury to the spinal cord disrupts ascending and descending axonal pathways and causes cellular destruction, inflammation, and demyelination (Ref. 90 ; see FIGURE 1). This results in a loss of movement, sensation and autonomic control below and at the level of the lesion. Current clinical approaches for SCI include the use of high doses of methylprednisolone to help limit secondary injury processes (19) (20) (21) , surgery to stabilize and decompress the spinal cord (for review, see Ref. 16 ), intensive multisystem medical management (39) , and rehabilitative care (9, (32) (33) (34) . Although these treatment options provide some benefits (28, 38, 39) , there is a critical need to develop novel approaches that account for the complex pathophysiology of SCI and optimize recovery after SCI. There are several discoveries at the preclinical level that are not only directed toward minimizing secondary damage and maximizing functionality of remaining neuronal systems but are also aimed at stimulating regeneration and repair. Prominent strategies that have been used so far include promoting regrowth of interrupted nerve fiber tracts as well as sprouting of uninjured axons by manipulation of the inhibitory spinal cord environment (25, 40, 89) , bridging the lesion using peripheral nerve or diverse cell grafts (22, 26, 31, 85) , and replenishment of lost cell types by stem cell-based treatments. Cell replacement strategies can be divided into two categories: 1) transplantation of embryonic or adult SPCs into the lesioned spinal cord with or without ex vivo manipulation or 2) reactivation and mobilization of endogenous adult spinal cord SPCs. Considering the reports published during the last decade, the transplantation of SPCs has gathered more attention. Several studies have shown functional benefits following transplantation of stem cells (for review, cells in the spinal cord displaying self-renewal and multipotent features was demonstrated in vitro more than a decade ago (95, 104) . However, we know very little about the in situ location, activity, regulation, and function of adult spinal cord SPCs. Regarding the location of these cells in the intact adult spinal cord, it has been suggested that the neural stem cells reside in the white matter parenchyma (50, 77, 107) or close to the central canal, either in the ependyma (55, 74) or subependymally (70) . Two models have been proposed regarding the location of these cells in the intact adult spinal cord (50) , illustrating how dividing stem cells may give rise to progenitors that migrate and proliferate. In the first model, a slowly proliferating stem cell resides in the ependymal layer of the central canal (55, 74) . These cells self-renew and under certain conditions divide asymmetrically with a daughter cell migrating to the outer circumference of the spinal cord, where it matures into a proliferative glial progenitor cell or a mature spinal cord glial cell. The second, alternative model suggests that both stem cells and glial progenitors may exist in the parenchyma of the spinal cord (107) and are independent of the proliferative ependyma. Most progenitor cells in the white matter of the adult spinal cord appear rather heterogenous, expressing one or several of the partly overlapping markers such as the chondroitin sulphate proteoglycan NG2 and the transcription factors Olig2 and Nkx2.2 (50, 77) . Some of these cells represent multipotent stem cells and others more restricted glial progenitors being committed to the oligodendrocyte lineage (49) . Ependymal cells self-renew in vivo but do not generate appreciable numbers of other cell types in the intact spinal cord (74) . In this review, we will use the term SPCs for all of these proliferative cells.
In contrast to the subgranular zone (SGZ) of the hippocampus and the telencephalic subventricular zone (SVZ), where the capacity for neurogenesis is retained in vivo, the adult mammalian spinal cord is considered a nonneurogenic region. In nonpathological conditions, the dividing spinal cord progenitor cells are glial-restricted progenitor cells and give rise to oligodendrocytes and astrocytes but not neurons (50) . In vitro expansion and characterization of SPCs, however, demonstrated that in vivo proliferating cells from the adult spinal cord have the ability to give rise to neurons in culture (107) . Furthermore, cell transplantation studies have demonstrated that, although SPCs derived from spinal cord will differentiate into glial cells when re-implanted into the region of origin, they are able to give rise to neurons when grafted into the neurogenic hippocampus (94) . These findings indicate that the neuronal differentiation in vitro is not a tissue culture artifact but reflect the multipotent differentiation potential of these cells. In addition, these results demonstrate that adult spinal cord SPCs are not intrinsically fate restricted but that environmental cues are able to instruct their fate choice. Elucidating the mechanisms controlling the generation of different neural cell types during embryonic and postnatal stages and understanding the complex interactions between neural SPCs and their microenvironment is a big challenge in the field of stem cell research. What are the environmental and intrinsic factors that regulate proliferation, migration, and differentiation of neural SPCs? The first cellular and molecular elements of the neurogenic stem cell niche in the adult CNS (SVZ, SGZ) were identified quite recently (for review, see Refs. 35, 65, 69) . In both the SVZ and SGZ, endothelial cells are an essential component of the neurogenic niche (81, 93) . The endothelial cells provide attachment for SPCs and generate a variety of signals that control stem cell self-renewal and lineage commitment. The properties of local astrocyte populations seem to play a major role in the creation of a neurogenic environment (11, 53, 66, 96) . Later, we discuss how the environment may influence spinal cord progenitor cells following an injury. In general, a more thorough understanding of the in vivo regulation of progenitor cells in the intact adult spinal cord is necessary and will guide strategies for manipulating SPCs after injury or disease.
Neural Progenitor Cells After Spinal Cord Injury: Spontaneous Reactions of Endogenous Progenitor Cells
Traumatic SCI causes damage of neuronal and glial cells in and around the lesion site leading to disruption of neuronal circuitry and neurological dysfunction. The injury evolves in two major pathological stages: The primary injury involves mechanical cell and tissue damage, and the secondary injury results in a cascade of biochemical events that produce progressive destruction of the spinal cord tissue (13-15, 36, 90) . It has been demonstrated that adult spinal cord SPCs are responsive to injury (49, 59, 68, 73, 76, 107, 108, 110) . The insult-induced progenitor cell response comprises division, migration, and maturation of SPCs (for review, see Ref. 80) . The temporal and spatial pattern of the SPC reaction and the potential function of these cells has been assessed by several research groups: After a contusive SCI in adult rodents, proliferation of cells expressing NG2 reaches a peak at 3 days (68, 110) , stays markedly increased in the epicenter of the lesion over the first 2 wk, and declines to baseline levels by 4 wk after injury (73) . newly dividing cells differentiates into remyelinating oligodendrocytes and astrocytes. No BrdU-positive cells were found co-expressing neuronal markers after a spinal cord transection injury (108) .
In general, these results indicate that spinal cord SPCs are able to participate in spinal cord repair by supporting and participating in remyelination and possibly by replacing lost neurons. Despite their inherent plasticity, however, it is obvious that endogenous SPCs do not lead to complete recovery in cases of severe trauma, since most of the proliferating stem and progenitor cells fail to fully differentiate into mature phenotypes. Understanding the potential and limitations of the endogenous progenitor cells stimulated by SCI is necessary to develop therapeutic interventions to enhance functional repair after SCI.
Manipulating Stem/Progenitor Cells after SCI
Since it is known that SPCs derived from the adult spinal cord produce neurons and oligodendrocytes when transplanted into neurogenic regions like the hippocampus (94), it is obvious that the environment plays a pivotal role in the fate decision made by progenitor cells. Different approaches manipulating the spinal cord environment to instruct SPCs to adopt a neuronal or glial fate have been attempted over the last few years and will be described in this chapter and are summarized in first week after injury, some of these dividing cells were shown to have differentiated into mature oligodendrocytes or astrocytes when the tissue was examined 5 wk later. Neuronal differentiation has rarely been found after SCI and only in cases of milder lesions, such as compression injury or cervical dorsal rhizotomy (59, 92, 100) . However, this rarely observed neurogenesis in the adult spinal cord seems to be abortive since mature neuronal markers have never been described. Newly formed oligodendrocytes likely contribute to remyelination. The time course of NG2-positive cell proliferation parallels the time of demyelination and remyelination. Neither NG2-positive cell proliferation nor remyelination occurred when spinal cords previously lesioned by a chemical demyelination were irradiated, suggesting that NG2-positive cells are involved in the remyelination process (60, 73) . Depending on injury severity, remyelination by oligodendrocytes usually begins by 14 days after injury (41, 44, 47, 73) . By 1 mo post-SCI, most axons have been remyelinated, although the new myelin sheaths are thinner and shorter than those before injury (18, 42) .
The normally limited proliferation of ependymal cells increases dramatically after SCI, followed by migration of ependyma-derived progeny toward the site of injury. Moreover, ependymal cells differentiate and give rise to a substantial proportion of scar-forming astrocytes as well as to some oligodendrocytes after SCI (74) .
Also, in non-human primates following a hemisection of the cervical spinal cord, a subpopulation of REVIEWS Manipulating inflammation has an influence on SPC proliferation and differentiation. Pro-inflammatory cytokines such as tumor necrosis factor-␣ (TNF-␣), IL-6, IL-1␣, and IL-1␤ are upregulated after SCI (83) . Besides directing the immune response after injury, these cytokines, in particular TNF-␣ and IL-6, are expressed within minutes after SCI influence SPCs. In addition to its role during the immune response, TNF-␣ can stimulate proliferation and survival of oligodendrocyte and neuronal precursors as shown in vivo using TNF-RI and RII knockout mice (7, 52, 105) . However, an aspect that has to be considered when interpreting these results is the altered immune response of TNF-RI/-II mice that lack the receptors of a key pro-inflammatory mediator. To obtain distinct information about the influence of TNF-␣ on neural SPCs, it is essential to create a neural SPC-specific knockdown of the TNF-␣ receptors in an in vivo model. Up until now, no data is available on whether TNF-␣ is able to directly influence SPCs after SCI.
The effects of IL-6 on SPCs after SCI have been studied by Okano and colleagues (78, 79) . By inhibiting the signal transduction of IL-6 using the MR16-1 antibody against the IL-6 receptor, functional recovery in a mouse contusion injury model was improved (78) . In the same study, in vitro differentiation assays showed that SPCs differentiated preferentially into astrocytes when incubated with IL-6. By blocking IL-6 using MR16-1, the differentiating process toward astrocytes was inhibited. In addition to the in vitro results, Okano and colleagues showed a decline in the number of newborn astrocytes in vivo by blocking IL-6 after SCI (78, 79) . The astrogliosis-promoting effect of IL-6 in the injured spinal cord tissue and its neurogenic effect in the intact hippocampus indicates a contextdependent influence on SPCs.
IL-1␤ being remarkably upregulated in the adult spinal cord immediately after injury (83) (Table 1 ). The intrinsic program of the SPCs also has to be considered, especially since it became clear that diverse populations of SPCs exist, even within the same anatomical region such as the SVZ (75) . The proposed factors specifying neural progenitors in a region-specific manner could be either environmental or intrinsic to the stem cells. In the last part of this review, we will evaluate approaches that target transcription factors to change the intrinsic profile of SPCs.
Manipulation of the stem cell environment
It was suggested that the properties of the local astrocyte populations play a major role in the creation of a neurogenic or gliogenic niche (11, 53, 66, 96) , thus influencing differentiation of SPCs. In addition, astroglial cells may also support or restrict migration of SPCs depending on their developmental stage (62) . Primary astrocytes isolated from neurogenic regions, such as the newborn and adult hippocampus as well as the newborn spinal cord, promoted neuronal differentiation of adult hippocampal SPCs, whereas astrocytes isolated from the nonneurogenic adult spinal cord did not (96) . It was shown that astrocyte-derived Wnt is involved in the regulation of hippocampal neurogenesis (66) . Functional characterization of candidate factors differentially expressed in neurogenesis-promoting and nonpromoting astrocytes indicated that two interleukins, interleukin-1␤ (IL-1␤) and interleukin-6 (IL-6) promote neuronal differentiation of SPCs, whereas insulin-like growth factor binding protein 6 (IGFBP6) and the proteoglycan decorin inhibited it (11) . Interestingly, these factors also play a role in the inflammatory response after SCI. Grafting SGZ astrocytes or injecting sonic hedgehog (shh) was found to be sufficient to induce neurogenesis in the nonneurogenic cortex of adult mice (53) . How the environmental neural stem cell niche interacts with cytokines, growth factors, and the intracel-
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FIGURE 2. Schematic drawing showing a SCI and published experimental manipulations influencing endogenous spinal cord progenitor cells
The main goal of the different strategies published so far is to influence endogenous progenitors to help repair and recover after SCI by cell replacement, re-myelination, and supporting trophic factors.
on December 15, 2009 physiologyonline.physiology.org Downloaded from be one of the key factors initiating the immune response and thereby inducing secondary neural damage. Neuroprotective approaches based on the inhibition of IL-1␤ have been tested in different laboratories and are extensively reviewed elsewhere (6) . A direct influence of IL-1␤ on progenitor cells was shown by Vela and coworkers in vitro (99) , suggesting that IL-1␤ inhibits proliferation of oligodendrocyte progenitors and promotes their differentiation. Mason and coworkers (71) suggested that IL-1␤ promotes remyelination after cuprizone treatment by inducing IGF-1 expression, which is known to promote the differentiation of oligodendrocyte progenitors.
The massive invasion of peripheral immune cells after SCI accompanied by the expression of proinflammatory cytokines not only induces secondary damage but has a major impact on neural SPCs. A series of reports from the group of Michal Schwartz suggests that T-cells may play a supportive role in neurogenesis. Schwartz' group showed that T-cellmediated activation of residing microglia enhances the proliferative activity of progenitor cells in the hippocampus as well as in the SVZ (24) . Depending on whether microglial cells are stimulated by the T helper cell 1 (Th1) released cytokine interferon (IFN-␥) or by IL-4 from Th2 cells, they differentially influence the fate choice of SPCs: microglia stimulated with IL-4 induced a bias toward oligodendrogenesis, whereas microglia stimulated with IFN-␥ preferentially induced neurogenesis in co-cultured neural SPCs (24) . Interestingly, IL-4 induced the expression of IGF-1 in microglia (23, 24) , which is involved in neuroprotection and neurogenesis, as we will discuss below. T-cells with myelin specificity were shown to enhance neurogenesis in the hippocampus, SVZ, and, rather surprisingly, adult spinal cord (92) . Nevertheless, a therapeutic application of autoimmune T-cells is very unlikely since T-cell-mediated autoimmune reactions have been associated with exacerbated demyelination, loss of neurons, and axonal pathology (57, 58) .
Since many inflammatory regulators have been shown to influence SPCs, manipulations of the inflammatory response will also affect SPCs. To reduce the inflammatory response after SCI, the synthetic glucocorticoid methylprednisolone, having various immunosuppressive effects, is the only clinical therapy used currently (86) . However, recent findings in our laboratory indicate that methylprednisolone not only affects the activation and proliferation of macrophages and microglia but also reduces the proliferation of endogenous SPCs in the injured spinal cord (our own unpublished results). The presence of the glucocorticoid and the mineralocorticoid receptor on adult spinal cord SPCs suggests a direct effect of the drug on these cells. On the other hand, as discussed above, the changed inflammatory environment also influences SPCs. Overall, the observed reduction in the amount of NG2-positive precursor (1, 2). In line with this observation, other groups showed a higher percentage of progenitor cells differentiating into astrocytes when BMP was experimentally increased (Table  1 ; Refs. 43, 46) . Differentiation of neural precursor cells into neurons and oligodendrocytes after transplantation into spinal cord injured mice was demonstrated after inhibition of BMP signaling by Noggin (91) . This was accompanied by functional recovery.
By overexpressing Noggin in combination with brain-derived neurotrophic factor (BDNF), the group of Goldman was able to shift the astrocytic into neuronal differentiation in the striatum, a region that is usually nonneurogenic (27, 82) . It has also been demonstrated that BDNF stimulates the production and survival of new neurons from SPCs in vitro and in the rostral migratory stream (5, 17) . BDNF-secreting fibroblasts grafted into SCI lesions enhance the number of BrdU-positive oligodendrocytes (72) , but so far data on naive spinal cord progenitors is absent.
An acceleration of remyelination and functional recovery following focal demyelination of mouse corpus callosum has been shown by overexpression of human epidermal growth factor receptor (EGFR) in oligodendrocyte progenitors. The enhanced remyelination of the lesion by NG2 + /Mash1 + /Olig2 + progenitor cells indicates that EGFR overexpression promotes oligodendrocyte maturation (4) . Up until now, no data are available describing the effects of EGFR on SPCs in the spinal cord.
It has previously been reported that angiogenesis has an impact on neurogenesis in the CNS, and similar factors and mechanisms seem to be involved in both processes (67, 81, 102) toward an oligodendrocyte fate. Another family of transcription factors involved in proliferation and differentiation of SPCs in the developing as well as in the adult CNS is the Sox family, which has been reviewed extensively elsewhere (103) .
One of the remaining questions when targeting transcription factors in SPCs is which tools one can use to manipulate intrinsic factors in the correct target cells. Currently, retroviral vectors are the method of choice in experimental models. However, whether these tools can be used in a clinical setting remains to be investigated. Even if one succeeds in changing the fate of SPCs after SCI toward a neuronal and/or oligodendroglial fate, a functional integration of these newly formed cells into the spinal cord needs to be achieved. Thus we need to find out whether manipulation of transcription factors in neural SPCs eventually leads to enhanced functional recovery after SCI.
Conclusion
SCI represents a complex event with a multifaceted pathophysiology. Therefore, effective therapeutic strategies will require a combination of interventions. Here, we focus on the role stem cells may play in promoting tissue repair and behavioral recovery. Most of the present experimental approaches using stem cells in SCI models focus on SPC grafts. Transplanted SPCs may bridge the lesion site, providing a substrate for sprouting fibers, deliver trophic factors, and replace lost neurons or oligodendrocytes. Experimentally, SPC transplants can be genetically engineered to instruct a specific fate choice before grafting. Although many of these approaches have led to functional recovery in animal SCI models, they will not easily be adopted for therapies in SCI patients because of the risk of tumor formation and immune rejection. Thus the long-term goal will be to recruit endogenous SPCs after spinal cord trauma. Currently, steady progress is being made in understanding the biology of endogenous SPCs and their microenvironment. This knowledge will eventually pave the way for therapeutic applications. Combined therapies modulating the SPC niche as well as the intrinsic program of SPCs could well lead to improved recovery of SCI patients in the future. (5, 11, 93, 106) , and this observation has led to the hypothesis of a neurovascular niche (81, 106) . VEGF as one of the components found in a neurovascular niche has been reported to influence SPCs in several ways (Table 1 ; Refs. 101, 111) . The most important one in terms of a possible application after SCI is based on observations made in the SVZ and SGZ where VEGF was shown to be involved in the induction of neurogenesis (37, 54, 88, 97) . The influence of VEGF on spinal cord SPCs has not been investigated so far.
Another factor that has been used to experimentally manipulate neural SPCs is leukemia inhibitory factor (LIF). Similar to VEGF, LIF has also been described to influence differentiation and proliferation of SPCs in various ways and in different models (Table 1 ; Refs. 56, 61, 87) and has been demonstrated to enhance the self renewal capacity of neural SPCs (12, 84) . Evidence for a similar effect of LIF on spinal cord SPCs when administered systemically after SCI was suggested by an increased number of nestin-positive cells (8) . Whether LIF can be used to increase the endogenous SPC pool in the adult spinal cord after injury followed by a directed differentiation of these cells needs to be demonstrated.
Manipulation of transcription factors involved in neural SPC behavior
As discussed above, a manipulation of the environment with its multiplicity of different factors controlling proliferation and differentiation of neural SPCs is critical for future therapeutic approaches based on endogenous stem cells. On the other hand, the manipulation of the environment may have undesired side effects, which have to be carefully assessed. Direct targeting of the intracellular program of SPCs, in addition to or instead of environmental manipulations, seems to be very promising.
Ohori and colleagues directly targeted transcription factors responsible for fate decision in SPCs after SCI (77) . They show that a retroviral-mediated overexpression of the two basic helix-loop helix transcription factors, neurogenin2 (Ngn2) and Mash-1, together with the application of a mixture of growth factors containing BDNF, FGF-2, and EGF enhanced the production of new neurons and oligodendrocytes after SCI, respectively (FIGURE 2). However, the observed new oligodendrocytes and neurons disappeared after a few weeks, indicating that they have not been integrated. The role of Olig2 and Mash-1 was also analyzed in vitro demonstrating that the cooperation of both factors is necessary for SPCs to develop into mature neurons (98) . The number of reports describing transcription factors responsible for directing neural SPCs into a certain lineage is constantly growing. A recently published transcription factor responsible for oligodendrocyte differentiation is Yin Yang 1 (YY-1) (48) . After cell cycle exit, YY-1 regulates early stages of oligodendrocyte differentiation and, therefore, represents an attractive target for manipulating SPCs 
